Horseradish pero�dase enzyme (H RP) catalyzes the oxi�ation of a � om . atic compounds by �ydrogen peroxide. .ReactlOn products undergo a non-enzymatlc polymefizatlOn to form water .lnsoluble aggregates which readily separate from solution. The capabilities .
INTRODUCTION
Horseradish peroxidase (H RP), an oxidoreductase enzyme, catalyzes the removal of aromatic compounds from aqueous solution. Treatment results in polymerization and precipitation of the organic, which is in contrast to conventional microbiological treatment where metabolic assimilation and possibly oxidation of the organic is effected by multi-enzyme pathways within the organism. The enzymatic approach is particularly suitable for the treatment of wastewaters because during polymerization the products form insoluble precipitates that can be easily removed from water by sedimentation or filtration. Klibanov et al. (1980) and Maloney et al. (1 986) have demonstrated the effectiveness of using horseradish peroxidase for the polymerization and precipitation of substituted phenols and aromatic amines from wastewater and drinking water.
The potential advantages of an enzyme-based treatment over conventional biological treatment include: application to a broad range of compounds, including those which are biorefractorYi action on, or in presence of, many substances which are toxic to microbesj operation over wide temperature pH and salinity rangesj operation both at high and low concentrations of contaminants' no shock loading effectsj no delays associated with shutdown/startup (a cclimatization of biomass) . ' reduction in sludge volume (no biomass gCllmation) j and a bettcr defincd system with simpler procc;s control.
Based on the foregoing, it might, for certain industrial waste sources, be possible to replace conventional biological treatment with the enzyme-based process. Alternatively, the latter might be used in conjunction with the conventional method as a primary treatment at the source to reduce the burden on the biological treatment system or as a tertiary treatment to deal with biorefractory compounds.
The potential advantages of an enzyme-based treatment over chemical/physical processes are: operation under milder, less corrosive, conditions; operation in a catalytic manner; operation on trace level organic compounds and on organics not removed by existing chemical/physical processes; reduced consumption of Oxidants; and reduced amounts of adsorbent materials, such as charcoal, for disposal.
Catalytic Cycle of HRP
The one-electron oxidation of aromatic substrates (A H2) catalyzed by peroxidase is well understood and is usually depicted by the following mechanism:
In this catalytic cycle, the native enzyme (E) is oxidized by peroxide to an active intermediate enzymatic form called Compound I (Ei). T b e Compound I state of HRP will-accept an aromatic compound into its active site and carry out its oxidation. The resulting free radical (. AH) is released back into solution leaving the enzyme in the Compound II (Eli) state. This form of the enzyme will oxidize another aromatic molecule, releasing a second t ree radical into solution and returning the enzyme to its native state, thus completing the cycle. Free radicals formed during the cycle will diffuse from the enzyme into solution where they can combine to form polyaromatic products. These polymers will be less soluble in water than their monomeric precursors and will tend to precipitate from solution. If the resulting polymer fails to precipitate, it still has the potential to be accepted back into the active site of the enzyme resulting in the formation of a still larger polymer which has a further reduced solubility.
Permanent inactivation of HRP can result from the return of a free radical to the active center of the enzyme (Klibanov, 19 83) where a bond may form at or near the active site. Such a bond will block the active site or will upset the critical geometric configuration of the enzyme; thus eliminating the enzyme's catalytic ability.
In an enzyme reactor, combinations of mechanical, chemical and thermal processes interact to influence an enzyme's catalytic lifetime. In any industrial process the rate at which the enzyme becomes catalytically inactive is a critical characteristic since the economic feasibility of the process may hinge on the useful lifetime of the enzyme biocatalyst. Such is the case with the enzymatic treatment of wastewater where the catalyst is susceptible to inactivation.
This research concentrates on extending the catalytic lifetime of horseradish peroxidase through optimization of process variables. The catalytic lifetime, to be termed "turnovers", is defined as the number of aromatic molecules precipitated from solution per molecule of enzyme. It represents a measure of the number of times the enzyme carries out or "turns over" its catalytic cycle.
ANALYTICAL METHODS
Horseradish peroxidase activities/concentrations were measured using an assay developed in this laborator l (Artiss et al., 1979) . The assay uses 3,5-dichloro-2-hydroxybenzenesulfonic acid (HDCBS), 4-aminoantipyrine (AAP) and hydrogen peroxide as color generating substrates. The rate of reaction is proportional to the enzyme activity and is deduced from the rate of formation of the non-precipitating product which absorbs light at a peak wavelength of 510 nanometres (nm)
with an extinction coefficient of 25 000 M-I cm -I. One unit of activity is defined as the number of micromoles of HDCBS conver.ted per minute at pH 7. 4 and 250 C.
Phenolic compounds used f n this study include parent phenol, 2-, 3-, and 4-chlorophenol, 2,4-dichlorophenol, and 2-, 3-, and 4-methylphenol. Concentrations were determined by direct spectrophotometric measurement of the absorbance of ultra violet light at the characteristic peak wavelength corresponding to each compound. Measurements were made following alum coagulation and centrifugation of reaction mixtures.
Hydrogen peroxide concentrations were measured using a colorimetric assay similar to the activity assay for HRP described above. Only peroxide is present in limiting amounts in the assay mixture making the degree of color developed at 510 nm directly proportional to the peroxide concentration.
Reactions were halted as needed through addition of large doses of catalase enzyme which rapidly converts hydrogen peroxide to oxygen and water.
REACTION STOICHIOMETRY
The overall reaction for the enzyme catalyzed oxidation of aromatics by hydrogen peroxide is:
Reaction 4 states that two free radicals are generated for every molecule of peroxide consumed. The free radicals polymerize spontaneously. Therefore, the stoichiometric ratio of peroxide consumed per aromatic precipitated would be 0.5 provided the resulting dimer is completely insoluble in water. In reality, dimers which remain soluble will react again with HRP to form more free radicals. These radicals will also polymerize to form trimers, tetramers or larger polymers which eventually precipitate. As the polymer grows in size, the consumption of peroxide to aromatic should approach unity as a limit.
Experiments were performed to determine the stoichiometric consumption of peroxide to accomplish the precipitation of phenolic compounds. The removal of 4-chlorophenol and phenol as a function of peroxide concentration in the presence of excess enzyme is shown in Figure 1. ,... .
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Removal of phenol and 4-chlorophenol as a function of peroxide concentration in a batch reactor
Removal of 4-chlorophenol was linear with peroxide dose and produced a stoichiometry of one. In contrast, phenol consumption was not linear with peroxide dose but appeared to vary with the amount of peroxide supplied to the reaction mixture. However, extrapolation of the phenol curve indicates that as more peroxide is supplied to the reactor, the ratio approaches unity. Disproportionate removal at low concentrations of peroxide indicates that peroxide is initially used to form a soluble product. As the reaction progresses with additional peroxide the polymers become larger and precipitate from solution. A one-to�ne stoichiometry was found for all eight phenolic compounds studied.
EFFECT OF pH AND TEMPERATURE
The turnovers achieved by horseradish peroxidase as a function of pH are shown in Figure 2 for phenol, 3-chlorophenol and 4-methylphenol. Enzyme dose, peroxide and aromatic concentrations were fixed and reactions were allowed to go to completion. Only enzyme concentration was limiting. Catalytic turnovers accomplished in a batch reactor as a function of pH for several phenols 11 12 Figure 2 indicates that removal of substrates from solution is clearly a function of pH. For all phenolics studied, HRP demonstrated some catalytic ability between pH's 4 and 10 but only accomplished good removal over the pH range of 6 to 9. Virtually no catalytic ability below pH 2 and above pH 11 was observed.
In previous work (Nicell et al., in press), inactivation as a function of time at temperatures between SoC and 720C was reported. HRP was found to be susceptible to rapid inactivation at temperatures above 450C. Additional experiments have been performed to determine the efficiency of enzyme catalyzed polymeri zation at temperatures from 50 C to 650 C. The results are shown in Figure 3 for the removal of 4-chlorophenol at neutral pH in a batch reactor.
The same degree of removal was achieved at all temperatures when sufficient enzyme was provided but the cost associated with the removal increased significantly at elevated temperatures due to increased catalrst requirements. For example, the average number of turnovers decreased from 9300 in the range 0 50 C to 350 C to 4100 at 650 C. Therefore, more than twice the HRP is required to precipitate the same amount of 4--<:hlorophenol at 650 C as at 350 C. This represents a loss in catalytic efficiency and a corresponding increase in cost.
Horseradish peroxidase exhibits catalytic ability over wide ranges of pH and temperature. Significant improvement in process efficiency can be achieved by carrying out the polymerization process at temperatures below 350 C and at the optimum pH corresponding to each compound. Experiments have shown that the total number of reactions (turnovers) catalyzed by HRP is not a function of peroxide concentration except when the peroxide is limiting. However, peroxide interferes in the reaction by decreasing the reaction rate. For example, to achieve 98% removal of 1 millimolar (1 mM) phenol from solution with 1.2 U jmL HRP requires approximately three hours using equimolar peroxide. In excess of 12 hours are required to achieve the same removal when the peroxide concentration is 2 mM. No additional removal was observed when peroxide was present in excess or when the peroxide was added to the reaction mixture gradually.
The reduced reaction rate can be attributed to the formation of an oxidation state of HRP designated as Compound III. HRP in the Compound II state (see reaction 2) can be oxidized by excess peroxide to Compound III (Eiii) according to the reaction scheme presented by Nakajima and Yamazaki (1987) :
Compound III is not catalytically active but its formation does not represent a terminal inactivation of HRP since Compound III decomposes spontaneously to native peroxidase according to the reaction (Arnao et al., 1990) :
However, the return to the native enzyme is sufficiently slow that once in Compound III form the enzyme is severely hampered in carrying out the catalytic oxidation of aromatics. In the presence of of excess peroxide, Compound III formation would increase resulting in suppressed catalyst performance.
Kinetic studies and modelling are being performed to determine the effect of peroxide concentration on the formation of Compound III and its relative importance in improving process efficiency.
Aromatic Concentration and Enzyme Dose
The degree to which an aromatic is removed from solution depends on the amount of catalyst added since the catalyst has a finite lifetime. Figure 4 shows that as the enzyme dose is increased there are diminishing returns on the amount of phenol removed from solution per amount of enzyme added. That is, at low enzyme concentrations inactivation of HRP is reduced and, hence, greater turnovers are achieved. Results also indicate that the enzyme works more efficiently at high aromatic concen tra tions. The probability of a free radical finding and reentering the active site of an enzyme can be reduced by lowering the free radical concentration and the amount of enzyme available for inactivation at any one instant. Continuous addition of HRP would lower the instantaneous concentration of free radicals and enzyme in the reaction mixture. Therefore, the probability of a free radical entering the active site of the enzyme decreases. In addition, the probability that the active site would already be occupied by another aromatic molecule would increase since the aromatic is present in high concentration with respect to the free radicals.
This theory was tested by continuously adding the enzyme to a batch reactor containing peroxide a,!d phenol. The addition rate varied from a spike (batch reactor) to addition over a 20 hour period (semi-batch reactor). The turnovers corresponding to a fixed (limiting) amount of enzyme added to 1 mM phenol (94 mg/L) are shown in Table 1 .
Results demonstrate that as the rate of addition of the enzyme to the reaction mixture is decreased the clearance of phenol from solution is increased for a given dose of enzyme. Therefore, the number of reactions catalyzed per enzyme is increased by maintaining a low HRP concentration. Conducting the reaction in , a semi-batch reactor more than doubled the turnovers observed in a batch reactor.
CONTINUOUS FLOW REACTOR DEVELOPMENT
High conversions can be achieved in batch reactors using long retention times but at the price of high labor costs and difficult operation at the large-scale. Therefore, economical large-scale wastewater treatment must be conducted in a continuous flow system. 
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A continuous stirred tank reactor (CSTR) configuration was chosen for the application of the enzyme catalyzed polymerization process because reactant and enzyme concentrations are lowered immediately upon entering the reactor; therefore, inactivation of HRP is reduced automatically by the low steady-state concentration of HRP in the reacting mixture.
In addition, peroxide concentration is maintained at a low level, reducing Compound III formation. High conversion can still be achieved by providing sufficient reactor volume. Preliminary test results for a CSTR system are shown in Table 2 . Catalytic turnovers achieved in a CSTR are higher than those observed in batch reactors when sufficient reaction time is provided. Turnover of 4-chlorophenol improved significantly even with low retention times.
Phenol turnover increased but not to the degree demonstrated in the semi-batch reactor.
This may be due to insufficient retention time in the reactor or effects associated with increased inactivation at low aromatic concentrations. Further experimentation and refinements in design are being conducted to maximize enzyme efficiency and aromatic removal in the continuous flow system.
CONCLUSIONS
Horseradish peroxidase has excellent potential for wastewater treatment due to its ability to catalyze the polymerization and precipitation of aromatics from water.
Results have shown that optimization of process variables including pH, temperature and enzyme concentration will extend catalyst lifetime significantly. Polymerization of aromatics requires a one-to-one ratio of peroxide to aromatic. Batch reactor studies have predicted and preliminary testing have confirmed that the catalytic lifetime of horseradish peroxidase can be improved using a CSTR configuration.
